A mainlobe interference suppression method is proposed in this paper, which can still work when the signal of interest (SOI) is present in the training data. In this method, the iterative adaptive approach (IAA) is applied to spatial spectrum estimation at first. Then, IAA spatial spectrum is used to reconstruct the interference-plus-noise covariance matrix (INCM). Next, the eigenvector associated with mainlobe interference in INCM is determined, and the eigen-projection matrix can be calculated to suppress the mainlobe interference. Meanwhile, the sidelobe-interference-plus-noise covariance matrix (SINCM) can be reconstructed. Finally, the adaptive weight vector is obtained. One main advantage is that the proposed method can deal with coherent mainlobe interference and sidelobe interferences simultaneously. Simulation results demonstrate the effectiveness and robustness of the proposed method.
Introduction
Adaptive beamformers have wide applications in radar, navigation, sonar, radio astronomy, microphone array speech processing, and so on. Conventionally, adaptive beamformers are applied to suppress interferences that exist in sidelobe area [1, 2] . This kind of interference is called sidelobe interference. However, when the interference from mainlobe area exists, it will induce peak offset and distortion of the mainlobe and heightening of the sidelobe level. This kind of interference is mainlobe interference. Nowadays, as the electromagnetic environment becomes more complex, the mainlobe interference appears more frequently. Alternative solutions such as the blocking matrix preprocessing (BMP) method [3] and the eigen-projection matrix preprocessing (EMP) method [4] for suppressing the mainlobe interference are proposed. However, the former could work well provided that the direction of mainlobe interference and giving rise to the reduction of the effective degrees of freedom, and the latter relies on the absence of the signal of interest (SOI) in the training data. Furthermore, the problem of mainlobe peak offset cannot be overcome by both methods. Later, a modified EMP method [5] is proposed for solving the mainlobe peak offset problem. Another new method based on EMP method and similarity constraints [6] can suppress multiple mainlobe interferences. Both of them make the assumption that there is no SOI appearing in the training data, which is not always available in many applications such as passive location, mobile communications, and radio astronomy [7] . For example, in the case of passive radar, the transmit signal may already exist when the receiver starts working. Besides, coherent interference is another problem in adaptive beamforming. In applications like passive radar [8] and meter-wave radar [9] , it is likely that target echoes are masked by multipath echoes, which would lead to coherent interference. When this coherent interference appears in mainlobe area, the methods mentioned above are no longer effective.
Recently, some new beamforming techniques have been proposed [10] [11] [12] . Among them, an interferenceplus-noise covariance matrix (INCM) reconstruction processing is put forward in [8] to eliminate the SOI component when calculating the adaptive weight vector. However, the performance of this procedure degrades when coherent interference exists. In [13] and [14] , an iterative adaptive approach (IAA) is proposed, which has high accuracy of direction of arrival (DOA) and power estimation even when coherent sources and finitesampling effects exist. In this paper, the IAA spatial spectrum is used to reconstruct the INCM. Then, inspired by the method proposed in [5] , mainlobe and sidelobe interferences can be suppressed using the reconstructed INCM. Compared to the existing methods, the proposal in this paper can handle the coherent mainlobe interference even when the SOI is present in the training data.
Signal model
Consider an array composed of M omnidirectional antenna elements, the output of a narrowband adaptive beamformer at the kth snapshot y(k) is given by y(k) = w H x(k), where w ∈ C M × 1 is the complex beamforming weight vector, x(k) stands for the signal received by the array antenna, and (⋅)
H denotes the Hermitian transpose. Assume there are Q sidelobe interferences and one mainlobe interference, where Q + 1 < M; then, x(k) is given by
where s q (k) and a(θ q ) are the qth signal waveform and the corresponding steering vector (SV), respectively. θ q stands for the qth signal DOA, and n(k) denotes the additive white Gaussian noise.
a θ q À Á s q k ð Þ denote the SOI and interference vectors, respectively. s Q + 1 (k) denotes the mainlobe interference waveform. The INCM can be written as
The solution to the minimum variance distortionless response (MVDR) beamformer is given by
Since R i + n is unavailable when the SOI is present in the training data, it is usually replaced by the sample co-
where K is the number of snapshots. Then, the adaptive beamformer
is the sample matrix inversion (SMI)
beamformer. The corresponding Capon spatial spectrum distribution can be calculated asP
where d(θ) is the SV associated with the array structure and a hypothetical direction θ. Whenever the training data contains the SOI, SMI beamformer is in essence a minimum power distortionless response (MPDR) beamformer. However, the MPDR beamformer is more sensitive than MVDR beamformer when SV error exists [15] .
Proposed method
In this paper, a mainlobe coherent interference suppression algorithm is proposed based on IAA spatial spectrum, INCM reconstruction, eigen-projection processing, and sidelobe-interference-plus-noise covariance matrix (SINCM) reconstruction.
IAA algorithm
IAA is a nonparametric adaptive algorithm. This algorithm assumes the presence of a large number of potential targets uniformly located on a fine grid with P ≫ M points in it. Let P be a P × P diagonal matrix whose diagonal contains the power at each angular grid point. Besides, define A θ ð Þ≜ a 1 a 2 ⋯ a P ½ with a p denoting the SV of the pth source and
T is the source waveform vector. Define the interference and
; then, the cost function is given by
where
The minimization of (5) leads to the IAA algorithm. The initialization of IAA is done by the data-independent delay-and-sum (DAS) beamformer. The steps of IAA can be summarized as follows.
Initialization: An accurate spatial spectrum can be obtained from the results of IAA, and the SOI DOAθ 0 is also determined by searching for the peak of IAA spatial spectrum in the possible angle sector. Besides, the performance of IAA is not affected much by the presence of coherent sources [14] . For each IAA iteration, the complexity is O(M 2 P). Thus, a bigger P results in a higher accuracy as well as a larger calculation.
INCM reconstruction
According to [7] , INCM can be reconstructed aŝ
where Θ is the angular sector in which only the desired signal is located and Θ denotes the complement sector of Θ. When mainlobe interference exists, it also locates in Θ. Θ is easily determined by the results of IAA spatial spectrum. Then, the INCM can be reconstructed aŝ
whereP p is obtained through IAA.
Eigen-projection processing
The reconstructed INCM is eigen-decomposed aŝ
where {λ i , i = 1, ⋯, M} is the eigenvalues ofR iþn in the descending order and e i is the ith eigenvector. E s = [e 1 , e 2 , ⋯, e Q + 1 ] spans the interference subspace and E n = [e Q + 2 , ⋯, e M ] spans the noise subspace.
The estimation of Q is a public problem and is very critical. For an array with known array structure and SOI DOA, the mainlobe width is fixed. For example, for a uniform linear array (ULA), the mainlobe width BW 0 can be expressed as
Therefore, the mainlobe angle sector Φ can be defined as
Φ denotes the complement sector of Φ. By using Φ and the results of IAA spatial spectrum, the number of sidelobe interferences Q can be determined. Besides, when more than one mainlobe interference exists, the number of mainlobe interference can also be determined through the same method.
The correlation coefficient of two vectors x 1 and x 2 is defined as cor 
Then, the corresponding eigenvalue λ m can be obtained. When multiple mainlobe interferences like J mainlobe interferences exist, e m can be determined by searching for the biggest J values of the correlation coefficients.
The eigen-projection matrix can be calculated aŝ
where I is the identity matrix.B is adopted to suppress the mainlobe interference in echo data X as follows
3.4 SINCM reconstruction λ d represents the average value of the noise eigenvalues. In order to remove the effect of background noise perturbation, λ d is used to replace the noise eigenvalues. λ d can be obtained by
λ m is the eigenvalue corresponding to e m . According to [4] and [3] , a noticeable part of mainlobe interference will be eliminated if its eigenvalue λ m is replaced by λ d . Thus, the SINCM can be reconstructed aŝ
is the reconstructed eigenvalue matrix and the eigenvector matrix E ¼ E s E n ½ remains unchanged. Based on the reconstructed SINCMR re , the weight vector of the proposed algorithm is calculated as
Then, the output of the adaptive beamformer is calculated as
Processing block diagram of the proposed algorithm is described in Fig. 1 . The known parameters of this algorithm contain array geometry and a presumed SOI direction sector. Based on these parameters, the proposed method can suppress coherent mainlobe and sidelobe interferences when SOI appears in the training data. Moreover, the proposed method improves robustness of the beamformer from the two aspects. First, since the INCM reconstruction procedure converts a MPDR beamformer to a MVDR beamformer, the proposed method is less sensitive to SV error when SOI appears in the training data. Second, due to the high accuracy of IAA spatial spectrum, the presumed SOI direction error can be corrected.
Simulation results
In simulations, we consider a uniform linear array with M = 16 omnidirectional antenna elements spaced half a wavelength. The SOI direction is 0°, and the mainlobe interference direction is 5°with interference-to-noise ratio (INR) 5 dB. Two sidelobe interferences impinging from − 45°to 35°are considered with INR 25 and 35 dB, respectively. Noise is assumed to be the Gaussian white additive noise. The number of snapshots is fixed to be K = 100. The number of sidelobe interferences Q is assumed to be known in simulations. For each scenario, 200 Monte Carlo runs are performed.
The proposed method is compared to SMI, BMP, EMP, and the method proposed in [5] (EMP-CMR). The SOI is not present in the training data when using EMP and EMP-CMR methods. In BMP method, the exact mainlobe interference angle is known. For Capon and IAA, the scanning grid is uniform in the range from − 90°t o 90°with 1°increment between adjacent grid points. The presumed SOI angular sector is set as Θ = [−2°, 2°] in the proposed method.
First, the input signal signal-to-noise ratio (SNR) is fixed to be 0 dB. We consider the accuracy of IAA, MUSIC, Capon, and forward-backward spatial smoothing (MSS) Capon spatial spectrum [16] when the SOI and the interference are coherent. When using the forward-backward spatial smoothing method, the array is divided into 2 sub-arrays and each sub-array contains 15 sensors. In Fig. 2a , the SOI and all the interferences are uncorrelated. In Fig. 2b , only the SOI and the mainlobe interference are coherent. In Fig. 2c , the SOI, the mainlobe interference, and the sidelobe interference from − 45°are coherent. Figure 2 shows that IAA spatial spectrum outperforms the MUSIC and Capon spatial spectrum when coherent interference exists. Besides, the noise floor of the MSS Capon spatial spectrum is significantly higher than the IAA spatial spectrum.
Next, we compare the output signal-to-interferenceplus-noise (SINR) of different methods when input signal SNR varies. The presumed SOI direction is 0°. Figure 3 shows that EMP-CMR method outperforms other methods when all the sources are uncorrelated. Besides, the output SINR of the proposed method is better than BMP, EMP, and SMI methods. Figure 4 presents the output SINR when the SOI and the mainlobe interference are coherent. For EMP and EMP-CMR methods, the SOI is absent in the training data. Thus, the adaptive weighted vectors of these two methods are not affected by the coherent signals in this scenario. From Figs. 3 and 4 , we observe that the performance of EMP and EMP-CMR remains unchanged. However, for the proposed method, its output SINR improves a lot due to better accuracy of IAA spatial spectrum. In Fig. 5 , the adaptive array patterns of the quiescent (QUI), EMP-CMR, and the proposed method are depicted when SNR is 0 dB. We note that the mainlobe peak offset is eliminated in both EMP-CMR method and the proposed method. Figure 6 shows the output SINR when the SOI, the mainlobe interference, and the sidelobe interference impinging from 35°are all coherent. For EMP and EMP-CMR methods, the calculation of adaptive weight vector is affected by the coherent sidelobe interferences. Therefore, the performance of these two methods degrades severely in Fig. 6 . For the proposed method, its performance also degrades.
However, the output SINR of the proposed method is obviously higher than other methods in this scenario. Therefore, the proposed method has the best stability in complex coherent interference environment.
Finally, we examine the robustness of the beamformers to array SV error. We consider the SVs of the SOI and interferences to be randomly distributed in an uncertainty set [17] , so it can be modeled as
where â q is the nominal SV of the directionθ q and e q represents random SV error. e q is set as follows: Fig. 7 . From  Fig. 7 , we notice that the SV error has more side effects on EMP-CMR method and the proposed method. However, the performance of EMP-CMR method and the proposed method is still better than other methods.
Conclusions
In this paper, we have developed a new mainlobe interference suppression method based on IAA spatial spectrum, INCM reconstruction, eigen-projection processing, and SINCM reconstruction, which annihilates the prior information restrictions existing in the previous methods for mainlobe interference suppression. Vigorous steps have been taken to reduce these restrictions, and simulation results demonstrated that the proposed method exhibits superior performance when coherent In addition, robustness of the proposed method against SV error is also verified in this paper.
